Purpose of review Central pulse pressure (PP), a marker of vascular stiffness, is a novel indicator of risk for perioperative morbidity including ischemic stroke. Appreciation for the mechanism by which vascular stiffness leads to organ dysfunction along with understanding its clinical detection may lead to improved patient management.
INTRODUCTION
The proportion of US citizens older than 65 years is expected to increase to 20% of the population by the year 2030 [1] . The number of citizens who are of at least 85 years of age will likely increase from 5.5 million in 2010 to 19 million by 2050. Many of these patients will require either elective or emergent surgery. A concern is that more than 40% of elderly surgical patients will experience a costly complication, implying that as the surgical population ages, the number of postoperative complications will rise [2] . Perioperative neurological complications (i.e., stroke, transient ischemic attack, or delayed neurocognitive recovery) are a particular concern given their negative impact on patient short-term and long-term outcomes, especially after cardiac surgery [3] . Distinguishing age per se as a risk factor for perioperative stroke versus patient comorbidities is difficult. It is increasingly realized that preexisting vascular disease manifest as heightened vascular stiffness can better differentiate risk for stroke and mortality than chronological age in the general population as well as for patients undergoing cardiac surgery [4] [5] [6] [7] . Clinically, vascular stiffness is manifest as systolic hypertension and high pulse pressure (PP). In this article, the pathophysiological basis of vascular stiffness, its clinical detection, importance to patient outcomes, and potential mechanisms for perioperative stroke are reviewed.
pressure fluctuations generated from left ventricular (LV) ejection by a proportional increase in its lumen. Blood is then released during diastole resulting in near laminar flow in the arterioles and capillaries. Aging, and other conditions such as diabetes, is associated with morphological changes in arteries resulting in stiffening of the vessel [8] . Importantly, these changes can occur in the absence of intimal atherosclerosis and are more appropriately referred to as arteriosclerosis. Age-related vascular stiffness results from abnormal biologic processes, ultimately leading to an increased collagen deposition and fragmentation of elastin fibers [8] . The mechanism of vascular stiffening is multifactorial and include inflammatory, genetic, and biochemical processes. Vascular smooth muscle cells undergo phenotypic changes from contractile cells to those that thicken, proliferate, and migrate to the intima. Cross-linking of extracellular matrix proteins resulting from advance glycation end-products using biochemical process similar to those generating hemoglobin A1C further contribute to vascular stiffening.
Vascular stiffening alters the cushioning properties of the central vasculature altering the dynamics of blood pressure (BP). LV ejection generates a series of antegrade waves in the vasculature. These waves are then reflected back to the central vasculature upon reaching arterial branch points and small arteries. The resultant arterial waveform, thus, results from the summation of antegrade and reflected arterial waves. In a compliant vasculature, the reflected waves reach the central vasculature during diastole promoting diastolic organ blood flow. In a 'stiff' vasculature, the central cushioning properties are attenuated increasing the velocity of ejected blood. This increased pulse wave velocity results in the transposition of the return of reflected waves to the central circulation from diastole to systole. The end result is the loss of diastolic blood flow augmentation and increased SBP. These consequences of vascular stiffness explain its clinical manifestation of systolic hypertension, normal DBP, and elevated PP. A comparison of BP waveforms in a patient with vascular stiffness and a younger patient with a more compliant vasculature is shown in Fig. 1 . This figure illustrates the fact that peripheral hemodynamics are not as sensitive for detecting increased aortic stiffness compared with central BP measurement as indicated by the similar radial artery pressure waveform in the elderly and young patient but distinct central aortic pressure waveforms. This phenomenon might be explained by the fact that the peripheral circulation is protected from arterial wave reflection that is manifest in the central circulation. Thus, rising PP measured in the brachial artery is likely a later indicator of vascular stiffness.
The early return of reflected arterial waves in systole results in increased LV afterload [9] . This increased afterload leads to LV hypertrophy and diastolic dysfunction. The brain and kidney are high blood volume flow organs with low vascular resistance, resulting in their exposure to the pulsations of the central vasculature [9] . In a compliant vasculature, arterial pulsations are minimal and tolerated by these organs. However, elevated PP leads to exposure of the brain and kidney to high systolic pressure, leading to compensatory arterial remodeling and, ultimately, microcirculatory damage [9] . In the brain, these changes may result in ischemic damage manifest as white matter hyperintensities and lacunar infarction on brain MRI.
Clinical detection of vascular stiffness
A hallmark of vascular stiffness is augmented systolic pressure and elevated PP. PP over 60 mmHg is typically considered a marker of vascular stiffness. Measurement of peripheral BP, however, may underestimate elevated central aortic pressure for various reasons, including the fact that the return of
KEY POINTS
Vascular stiffness alters the normal cushioning and conduit function of the central circulation, leading to early return of reflected arterial waves resulting in elevated systolic pressure, high PP, and normal to low DBP.
Elevated central aortic pressures results in transmission of pulsations generated by left ventricular ejection to high flow, low vascular resistance organs such as the brain and kidney.
Adaptation to arteriolar PP in the brain and kidney includes arteriolar hypertrophy limiting blood flow, especially small penetrating blood vessels of the brain which leads to pressure dependence of flow, lacunar stroke, and white matter hypertrophy on brain MRI.
Indicators of vascular stiffness such as high PP, elevated augumentation index, and fast pulse wave velocity is associate with adverse cardiovascular outcomes in the general population and acute kidney injury, stroke, and mortality after cardiac surgery supporting the concept that 'vascular age' may be more predictive of such events that 'chronological age'.
A higher-lower limit of cerebral blood flow autoregulation and a higher likelihood of impaired cerebral autoregulation may expose patients with vascular stiffness to postoperative neurological complications such as delayed neurocognitive recovery and stroke.
reflected arterial waves during systole impacts the aortic and not peripheral pulses. Several clinically applicable methods are available to assess for evidence of vascular stiffness as previously reviewed [9] . Augmentation index is estimated from a peripheral arterial pulse using applanation methods (Fig. 1) .
Measurement of pulse wave velocity (distance travel over unit of time) is more commonly reported as a reproducible indicator of vascular stiffness (Fig. 2 ) [11] . The time of arrival of the pulse relative to the ECG R wave is determined at a central site (i.e., carotid artery) and a peripheral site (i.e., radial or femoral artery). In healthy young adults, pulse wave velocity is typically 6 m/s, whereas in those more than 65 years of age, it is more than 10 m/s with continued nonlinear increase with progression in age. In population studies, an increase in pulse wave velocity of 1 SD above the population norm is associated with a near 50% increase risk for a cardiovascular event [myocardial infarction (MI), FIGURE 2. Pulse wave velocity measurements from an elderly and young patient. The pulse wave is measured with an applanation sensor placed on the carotid artery and femoral artery, representing central and peripheral arterial circulation, respectively. The pulse wave velocity is defined as the difference between distance between the carotid and femoral artery pulse upstroke divided by time (measured from the ECG). Reproduced with permission [9] . stroke, myocardial revascularization] [12] . This was further demonstrated in the Framingham population showing increased aortic stiffness as assessed by pulse wave velocity is associated with an increased risk of first cardiovascular event and can be used predictively as a biomarker of cardiovascular disease [13] . In addition, functional outcomes and lung function have been shown to be decreased when one SD or higher from the mean pulse wave velocity was measured in an elderly population [14] .
Vascular stiffness and prediction of perioperative stroke
Age-associated vascular stiffening is heterogeneously distributed in adults leading to the concept that 'vascular age' is more sensitive for predicting adverse cardiovascular events than chronological age. Indeed, in the general population measures of vascular stiffness including elevated PP and elevated pulse wave velocity is associated with MI, stroke, renal disease, cognitive decline including dementia, as well as mortality independent of age and other cardiovascular risk factors [8, 12, [15] [16] [17] [18] [19] . In population studies, there is an 11% increase risk for stroke for every 10-mmHg increase in PP [19] .
The value of measures of vascular stiffness in predicting perioperative complications including stroke is increasingly appreciated (Table 1) . In a retrospective review of data from 703 patients undergoing cardiac surgery, Benjo et al. [5] evaluated the role of preoperative PP in predicting stroke over 348 AE 215 days of follow-up. PP was higher in patients as compared with those without stroke Increased baseline pulse pressure is associated with 30-day and 1-year mortality after lower extremity artery bypass surgery
Retrospective review of data from 556 patients undergoing infrainguinal arterial bypass surgery A large percentage (44.6%) of patients had elevated pulse pressure. There was no relationship between pulse pressure and 30-day (P ¼ 0.35) or 1-year (P ¼ 0.14) mortality CABG, coronary artery bypass grafting; PP, pulse pressure.
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(81.2 versus 64.5 mmHg, P ¼ 0.0006). PP predicted stroke in adjusted models independent of age, sex, and diabetes. In Kaplan-Meier analysis, stroke-free survival was lower (P ¼ 0.0067) in patients with a PP more than 72 mmHg compared with those with PP less than 72 mmHg. Using a large multicenter database comprising 5436 patients undergoing coronary artery bypass grafting (CABG) surgery, Fontes et al. [6] reported that PP independently predicted myocardial and cerebral outcomes after surgery. An increase in PP of 10 mmHg above a threshold of 40 mmHg was associated with an increased risk of cerebral events or death. The incidence of cerebral events or mortality was nearly twice as high for patients with PP more than 80 mmHg compared with 80 mmHg or less (5.5 versus 2.8%, P ¼ 0.004). Nikolov et al. [7] reported on a series of 973 patients undergoing CABG surgery at their institution finding that elevated baseline PP (more than 78 mmHg) was independently associated with risk of mortality after a median follow-up of 7.3 years (P < 0.001). The hazard ratio of mortality associated with elevated PP was 1.1 (95% confidence interval, 1.05-1.18) for each 10 mmHg increase in PP. In contrast, Mazzeffi et al. [21] found no relationship between PP and 30-day or 1-year outcomes after infrainguinal arterial bypass surgery. The latter might be explained by the high prevalence of elevated PP (44.6% of patients), lowering its predictive capacity in this cohort.
Potential mechanisms for stroke
Perioperative stroke occurring after cardiac surgery is thought to result from cerebral embolism and/or cerebral hypoperfusion [3] . Atherosclerosis of the ascending aorta is a major source of both macroembolism and microembolism during cardiac surgery. Aortic manipulations (e.g., aortic cannulation, cross-clamping, proximal bypass graft anastomosis) or from the flow dynamics of aortic cannula used for cardiopulmonary bypass can fracture atheromagenerating atheroembolism. As mentioned, vascular stiffness occurs even in the absence of intimal-based atherosclerosis, suggesting that the mechanism of stroke risk imparted by atherosclerosis of the ascending aorta cannot explain all strokes in patients with vascular stiffness. High-flow, low-vascularresistance organs such as the brain are exposed to the higher pulsation associated with PP hypertension [9] . Compensatory arteriolar hypertrophy of penetrating cerebral vessels can result in the hallmark of small vessel ischemic injury, white matter hyperintensities on brain MRI, and lacunar stroke. The latter suggest that cerebral hypoperfusion during surgery might in fact result at least in part from cerebral hypoperfusion.
Our group has performed studies investigating the potential role of individual monitoring of cerebral blood flow autoregulation as a method to individualize BP management during cardiopulmonary bypass [22] [23] [24] [25] [26] [27] [28] [29] . An important early observation was that the lower limit of cerebral autoregulation varies markedly between individuals ranging from 40 to 90 mmHg. Thus, with current practices in which BP targets during surgery are determined empirically and based on historical practices, many patients may unintentionally have their BPs below their lower limit of cerebral autoregulation. We have further demonstrated that excursion of BP outside the limits of cerebral autoregulation is associated with acute kidney injury, the composite outcome of major morbidity and operative mortality, postoperative delirium, and release of brain injury biomarkers. Consequently, varying exposure to BP below and even above the limits of autoregulation exposes patients to the risk for organ injury.
In our studies, we have found that as many as 20% of patients demonstrate impaired cerebral blood flow autoregulation during cardiopulmonary bypass [24, 25] . In this case, the cerebral circulation is unable to maintain constant cerebral blood flow such that the brain is potentially exposed to ischemia with low BP and hyperperfusion with high BP. The presence of impaired cerebral autoregulation was found to be associated with postoperative stroke [24, 25] . In a recent analysis of our data, we have found that impaired cerebral blood flow autoregulation is associated with white matter hyperintensities [30] . As mentioned, increased vascular stiffness leads to adaptive changes in the microcirculation, resulting arteriolar remodeling of small penetrating vessels, lacunar infarction, and white matter hypertensities detected with brain MRI. We further have found in a study of 181 patients a relationship between a measure of vascular stiffness and the likelihood of having the lower limit of cerebral blood flow autoregulation more than 65 mmHg. In that study, the presence of vascular stiffness was determined using the ambulatory arterial stiffness index which is defined as 1 minus the slope of the plot of diastolic (x-axis) and systolic pressures. The basis for this measurement is that the change in systolic pressure for a given diastolic pressure is higher in as stiff versus a compliant vasculature [31 && ]. Notably, peripheral PP was not predictive of the lower limit of cerebral autoregulation. Regardless, the combined data suggest that patients with vascular stiffness may be prone to cerebral hypoperfusion during surgery and that they may benefit from individualizing BP targets using cerebral autoregulation monitoring.
CONCLUSION
Vascular stiffness is common in surgical patients, particularly the elderly manifesting as systolic pressure hypertension, high PP, prominent augmentation index, or elevated pulse wave velocity. Vascular stiffness is associated with acute kidney injury, cognitive decline, and mortality in the general population. Other data show a strong relationship among elevated PP and stroke, acute kidney injury, and mortality after cardiac surgery. Patients with vascular stiffness may have impaired cerebral blood flow autoregulation and/or an elevated lower limit of cerebral autoregulation increasing vulnerability to cerebral hypoperfusion during surgery. Careful BP management is needed in affected patients to avoid brain injury.
